The impact of liquid drops on solid surfaces is ubiquitous in nature, and of practical importance in many industrial processes. A drop hitting a flat surface retains a circular symmetry throughout the impact process; however a drop impinging on Echevaria leaves exhibits asymmetric bouncing dynamics with distinct spreading and retraction along two perpendicular directions. This is a direct consequence of the cylindrical leaves which have a convex/concave architecture of size comparable to the drop. Systematic experimental investigations on mimetic surfaces and lattice Boltzmann simulations reveal that this novel phenomenon results from an asymmetric momentum and mass distribution that allows for preferential fluid pumping around the drop rim. The asymmetry of the bouncing leads to ∼ 40% reduction in contact time. We expect that the coupling of fast drop detachment on surfaces of different architectures (convex, concave or corrugated) with facile and scalable manufacturing has potential in a wide range of applications. † These authors contributed equally to this work. Interestingly, when the liquid in the axial (straight) direction has started to retract at ∼ 3.8 ms, the liquid in the azimuthal (curved) direction continues to spread, with a sustained fluid transfer from the axial direction. Once the fluid in the axial direction has fully contracted at 11.8 ms (= 1.73 ρr 3 0 /γ), the drop leaves the surface maintaining an elongated shape along the azimuthal direction, indicating that the asymmetric bouncing can be driven by preferential retraction along just one axis. The contact time (t 0 ) is ∼ 30% faster than that on the equivalent flat substrate surfaces, the k is equivalent to unity, suggesting that the asymmetric spreading is modulated by the structural anisotropy. Figure 2c plots the variation of the contact time as a function of normalized diameter of curvature for different We. The contact time is also significantly 3 affected by the anisotropy: at a constant We, the symmetry-breaking surfaces with smaller diameters of curvature corresponds to smaller contact times. To better elucidate the dependence of the contact time on the surface structure, we decompose the contact time into the spreading time t 1 and retraction time t 2 along the axial direction in Fig. 2d . It is apparent that the spreading time is almost independent of surface curvature, partially due to the fact that the spreading is mainly dominated by the inertia. However the retraction time shows a strong decrease with decreasing D: for D = 6 mm the total decrease in contact time compared to a flat substrate is ∼ 40% for We ∼ 15. These results, in conjunction with the spreading dynamics shown in Fig. 2a and b, indicate that the asymmetric bouncing is indeed modulated by the asymmetric curvature whose size is comparable to that of the impacting drop. This argument is also confirmed by our control experiment on the spherical surface where the bouncing is symmetric and the contact time is the same as that on a flat surface ( Supplementary Fig. 2 ).
We = ρv 2 0 r 0 /γ is the Weber number, where r 0 is the drop radius, ρ is the liquid density and γ is the liquid-vapor surface tension, and Oh = µ/ √ ργr 0 is the Ohnesorge number, with µ the liquid viscosity. The impacting drop initially spreads isotropically, but the drop spreading becomes increasingly anisotropic as the drop starts to retract (Supplementary Movie 1).
Interestingly, when the liquid in the axial (straight) direction has started to retract at ∼ 3.8 ms, the liquid in the azimuthal (curved) direction continues to spread, with a sustained fluid transfer from the axial direction. Once the fluid in the axial direction has fully contracted at 11.8 ms (= 1.73 ρr 3 0 /γ), the drop leaves the surface maintaining an elongated shape along the azimuthal direction, indicating that the asymmetric bouncing can be driven by k as the ratio of the maximum values of the drop spreading diameters in the azimuthal and axial directions. Figure 2b plots the variation of k as a function of the diameter of curvature normalized by the initial drop diameter (D/D 0 ). It is apparent that an increase in the structural anisotropy gives rise to a larger k. Note that for the flat or spherical superhydrophobic surfaces, the k is equivalent to unity, suggesting that the asymmetric spreading is modulated by the structural anisotropy. Figure 2c plots the variation of the contact time as a function of normalized diameter of curvature for different We. The contact time is also significantly affected by the anisotropy: at a constant We, the symmetry-breaking surfaces with smaller diameters of curvature corresponds to smaller contact times. To better elucidate the dependence of the contact time on the surface structure, we decompose the contact time into the spreading time t 1 and retraction time t 2 along the axial direction in Fig. 2d . It is apparent that the spreading time is almost independent of surface curvature, partially due to the fact that the spreading is mainly dominated by the inertia. However the retraction time shows a strong decrease with decreasing D: for D = 6 mm the total decrease in contact time compared to a flat substrate is ∼ 40% for We ∼ 15. These results, in conjunction with the spreading dynamics shown in Fig. 2a and b, indicate that the asymmetric bouncing is indeed modulated by the asymmetric curvature whose size is comparable to that of the impacting drop. This argument is also confirmed by our control experiment on the spherical surface where the bouncing is symmetric and the contact time is the same as that on a flat surface ( Supplementary Fig. 2 ).
Mechanisms for symmetry-breaking and contact time reduction. To interpret the mechanism behind the asymmetric bouncing observed in our experiments, we first considered the effect of surface topography on initial drop momentum. Two factors will lead to more momentum being transferred in the azimuthal direction than in the axial direction.
First, distinct from the flat surface, the impact area on the curved surface is approximately elliptical. As a result of such an asymmetric footprint, more momentum will be transferred perpendicular to the long axis of the ellipse, i.e., along the azimuthal direction. Second, fluid landing on the curved sides of the asymmetric surface has a tangential component of momentum which will continue unperturbed.
To test this interpretation, we modelled the drop impact, using a lattice Boltzmann algorithm to solve the continuum equations of motion of the drop 43, 44 . Details of the equations and the numerical algorithm are given in the Supplementary Information. Figure 3a shows snapshots of the time evolution of a drop impacting on the asymmetric surface obtained from the numerics. Comparison of the simulation results with those obtained in the experiments ( Fig. 1d and Supplementary Movie 1) shows that the evolution of the drop shape is qualitatively the same during the rebound, with the axial direction starting to retract first.
The colour shading represents the relative heights of the fluid at each time, red high to blue low. Note that in particular (the 3 rd image) a large rim develops in the azimuthal direction.
The arrows in the figure show the local fluid velocity field. Consistent with our experimental observation, during the initial spreading stage, the fluid exhibits a radial outwards flow. As spreading progresses, there is a preferential flow to the azimuthal direction that drives the formation of the larger liquid rims. The liquid pumped around the rim to the azimuthal direction acts to amplify the contrast in the drop retraction between the two directions, leading to a positive feedback that enhances the asymmetry of the bouncing. This scenario is in striking contrast to that on the flat surface.
The simulations allow us to understand how the asymmetric surface topography affects the drop bouncing. Figure 3b it can be clearly seen that the momentum in the azimuthal direction is always larger than that in the axial direction. When the momentum in the axial direction starts to reverse its direction, the azimuthal momentum remains positive and indeed increases slightly. This is consistent with our experimental observations that the drop sustains a spreading state without retracting in the azimuthal direction, demonstrating the positive feedback from the axial direction that enables this to occur. As a comparison, we also plotted the variation of momentum on a flat surface (blue curve in Fig. 3b ), which shows that the momentum along any given direction for a flat substrate lies between the two curves for the asymmetric surface.
In order to quantify how the momentum anisotropy is dictated by the surface topography, we calculated the ratio between the maximal momentum in the azimuthal direction and that in the axial direction. As shown in Fig. 3c , the momentum anisotropy decreases with increasing diameter of curvature.
To further validate that the momentum asymmetry is responsible for the asymmetric bouncing, we simulated drop impact on a flat surface by introducing a momentum asymmetry into the simulation manually immediately after the initial collision. The momentum in the azimuthal direction was increased by a factor of 2 while the momentum in the axial direction was reduced by a factor of 2. Indeed, as shown in Supplementary Fig. 4 , the drop shows qualitatively the same bouncing pathway as that in Fig. 3a . In particular, the drop retraction in the axial direction is much faster than that in the azimuthal direction, which is consistent with our experimental results. Moreover, to validate that a momentum asymmetry can be induced by an elliptical drop footprint, we also simulated an initially elliptical to gets smaller and has less effect. However, in this regime, the critical Weber number for drop splitting (W e c ) is low ( Fig. 3e ) and drops in the experiments tend to break up giving the mechanism for contact time reduction described by Bird et al. The drop retracts faster along the ridge than perpendicular to it. As a result it tends to fragment and the newly formed inner rims retract away from the obstacle resulting in the contact time reduction.
These two regimes for contact time reduction serve to emphasise the richness of the physics underlying bouncing on curved and irregular surfaces.
We performed a simple hydrodynamic analysis to explain the contact time reduction associated with the asymmetric bouncing. Since the drop spreading is mainly governed by the inertia, we consider the drop retraction process here. The drop retraction is primarily driven by the decrease in surface energy of the thinner central film which leads to a force pulling the rim of the drop inwards. For conventional bouncing, the drop retraction is symmetric and the surface energy of a central film of radius r is E s ≈ πr 2 γ(1 − cos θ), where θ is the apparent contact angle, giving a retraction force 45 , F s = ∂Es ∂r ≈ 2πrγ(1 − cos θ). Fast drop detachment requires not only a large driving force in the central film, but also a small inertia of the rim. However, due to the symmetric retraction and mass conservation, these two processes are mutually exclusive, since a reduction in the central film radius r leads to an increase in the mass of the liquid rim as is apparent in Supplementary Fig. 1 .
Interestingly, for the symmetry-breaking surface this conflict is resolved by the preferential fluid flows around the drop rim (Figs. 3a and 4a) . To demonstrate this, in Fig. 4c we showed selected plan-view images of drop retraction on the asymmetric surface. The panels just above (Fig. 4b) and below ( Fig. 4d) this figure correspond to the side view of drop retraction in the axial direction and azimuthal direction, respectively. It is clear that owing to the preferential liquid pumping to the azimuthal direction (blue arrows), the size of rim in the axial direction is almost unchanged throughout the retraction stage, whereas that in the azimuthal direction shows a significant increase. This is confirmed by the simulation results in Fig. 4e , which plots the time evolution of the rim heights in the two directions and the height of the central film. Notably, the mass per unit length of the rim along the azimuthal direction is more than twice that in the axial direction when the rims from opposite sides of the drop meet just prior to bouncing, confirming the apparent symmetry-breaking in the mass distribution. Moreover, the desirous reduction in the mass of rim in the axial direction is achieved without compromising the retraction force. Due to the preferential spreading on the curved surface, the central film can be approximated by an ellipse with a major axis b (in the azimuthal direction) and minor axis a (in the axial direction). Thus, the surface energy of the central film is E a ≈ πabγ(1−cos θ). As the asymmetric retraction proceeds the length of the major axis b remains constant while there is a continuous reduction in a. Hence the retraction force is now F a ≈ πbγ(1 − cos θ), and the ratio of the force acting on the rim on the curved surface to that on the flat surface is b/2r. Experimentally, the drop diameter 2r on the symmetric surface continually decreases whilst the azimuthal diameter b on the curved surface remains unchanged. Thus, the synergy of the enhanced retraction force and reduced mass of rim rendered by the symmetry-breaking structure results in a remarkably efficient pathway for fast drop retraction. The convergence of liquid in the axial direction translates into motion perpendicular to the surface and drives the drop upwards. Moreover, as shown in Fig. 4d , as the drop retracts on the curved surface, the surface tension energy converts to kinetic energy with a velocity component in the vertical direction (red arrows) which will aid the bouncing. By contrast, on the flat surface, the drop transition from the oblate shape (7.6 ms) to a prolate one (16.1 ms) prior to its jumping takes a longer time ( Supplementary Fig. 1 ).
Discussion
In a broad perspective, we expect that rapid bouncing driven by an asymmetric momentum transfer occurs on many surfaces that have asymmetric structure on the order of the drop size. The most obvious extension is to a surface which is concave in one direction and flat in the perpendicular direction. Then the as-fabricated surfaces were coated with hydrophobic rosettes of average diameter ∼ 5.0 µm to render them superhydrophobic. More specifically, after ultrasonic cleaning in ethanol and deionized water for 10 min, respectively, the surfaces were washed by diluted hydrochloric acid (1 M) and deionized water, followed by drying in nitrogen stream. They were then immersed in a freshly mixed aqueous solution of 2.5 mol l −1 sodium hydroxide and 0.1 mol l −1 ammonium persulphate at room temperature for ∼ 60 min, after which they were fully rinsed with deionized water and dried again in nitrogen stream. After the oxidation process, the surfaces were uniformly coated by CuO flowers of diameter ∼ 5.0 µm.
All the surfaces were modified by silanization by immersion in a 1 mM n-hexane solution of trichloro-(1H,1H,2H,2H)-perfluorooctylsilane for ∼ 60 min, followed by heat treatment at ∼ 150
• C in air for 1 h to render superhydrophobic.
Characterization of the surfaces. The optical images of Echeveria were recorded by a Nikon digital camera (Digital SLR Camera D5200 equipped with a Micro-Nikkor 105 mm f/2.8G lens). The micro/nano structures of protuberances and nanofibers were characterized by a field-emission scanning electron microscope (Quanta T M 250 FEG). Due to the extremely low conductivity of the Echeveria surface, a thin layer of carbon was coated on the surface before the SEM measurement.
Contact angle measurements. Owing to the asymmetric structure, it is difficult to measure the contact angle of the as-fabricated asymmetric surfaces. For the flat surface coated with rosettes (subject to the same treatment), the apparent, advancing (θ a ) and receding contact angles (θ r ) are 163.4
• ± 2.6
• , 165.1 • ± 2.1 • and 161.9
• ± 1.5
• , respectively.
These values are the average of five measurements.
Impact experiments. Impact experiments were performed in ambient environment, at room temperature with 60% relative humidity. Briefly, the Milli-Q water drop of ∼ 13 µL snapshots showing a drop (D 0 = 2.9 mm) impacting on an Echeveria leaf at We = 7.9. The first row is a cross section parallel to the azimuthal direction and the second is a plan view from above the drop. After spreading to its maximum extension in the axial direction at 3.8 ms, the drop continues its spreading in the azimuthal direction and reaches its maximum spreading at 5.0 ms, while retracting in the axial direction. The drop bounces off the surface at 11.8 ms with a much shortened contact time compared to that on the flat surface (16.1 ms, Supplementary Fig. 1 ). 
